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DifferentiationVertebrate Cdx genes encode homeodomain transcription factors related to caudal inDrosophila. Themurine Cdx
homologues Cdx1, Cdx2 and Cdx4play important roles in anterior–posterior patterning of the embryonic axis and
the intestine, aswell as axial elongation.While our understanding of the ontogenic programs requiring Cdx func-
tion has advanced considerably, the molecular bases underlying these functions are less well understood. In this
regard, Cdx1-Cdx2 conditional mutants exhibit abnormal somite formation, while loss of Cdx1-Cdx2 in the intes-
tinal epithelium results in a shift in differentiation toward the Goblet cell lineage. The aim of the present study
was to identify the Cdx-dependentmechanisms impacting on these events. Consistent with priorwork implicat-
ing Notch signaling in these pathways, we found that expression of the Notch ligand Dll1 was reduced in Cdx
mutants in both the intestinal epithelium and paraxial mesoderm. Cdx members occupied the Dll1 promoter
both in vivo and in vitro, while genetic analysis indicated interaction between Cdx and Dll1 pathways in both
somitogenesis and Goblet cell differentiation. These ﬁndings suggest that Cdx members operate upstream of
Dll1 to convey different functions in two distinct lineages.rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
The endoderm, ectoderm and mesoderm germ layers are formed
during gastrulation, with each contributing to distinct cellular line-
ages. For example, the vertebrae of the axial skeleton and their asso-
ciated muscles and tendons, the skeletal muscles of the body wall and
limbs, as well as the dermis of the back are derived from transient
blocks of paraxial mesoderm, known as somites. Somites are pro-
duced in a periodic fashion via condensation of paraxial presomitic
mesoderm, with a new somite pair being formed approximately
every 120 min in the mouse. Once generated, somites undergo subse-
quent differentiation into dermatome, myotome, and sclerotome,
which are the anlagen of the dermis, skeletal muscle of the trunk
and limbs, and vertebrae, respectively (Dequeant and Pourquie,
2008).
The periodicity of somite condensation and their placement along
the axis are under tight spatio-temporal regulation. The positioning of
somite condensation is believed to rely on the interaction of caudal-
high gradients of ﬁbroblast growth factors (FGFs) and Wnt proteins,
which are opposed by a gradient of retinoic acid (RA) produced in
more anterior regions. These opposing cues are believed to establisha determination front which dictates the location of somite condensa-
tion along the A-P axis (Olivera-Martinez and Storey, 2007; Wahl et
al., 2007). The periodicity of somite segmentation is governed by a
molecular “clock”, the activity of which is reﬂected by the oscillating
expression of a number of genes. For example, members of the
Notch pathway including Lfng, Hes1, and Hes7; Wnt pathway compo-
nents such as Axin2; and Fgf pathway members Spry2 and Dusp6
(Feller et al., 2008; Gomez et al., 2008; Gridley, 2006) oscillate during
somitogenesis. Expression of many of these genes is typically initiated
in the caudal region of the tailbud and propagate anteriorly through
the presomitic mesoderm to the determination front, where segmen-
tation is initiated (Olivera-Martinez and Storey, 2007).
Like the mesoderm, the endoderm also undergoes extensive
patterning along the A-P axis, leading to the mature gastrointestinal
tract. This patterning is reﬂected by the regionalization of the intes-
tinal epithelium into esophagus, stomach, small and large intes-
tines, as well as the development of accessory organs such as the
pancreas, liver and salivary glands (Barrow, 2006; Kwon et al.,
2008; Rajewsky, 2006; Wells and Melton, 1999). Endoderm pat-
terning is incompletely understood, but relies on a number of tran-
scription factors including Cdx2, as well as signaling molecules such
as Wnt, Shh and RA, which emanate from both the endoderm and
the underlying mesoderm (Bayha et al., 2009; Bergsten et al.,
2001; Gao et al., 2009; Grainger et al., 2010; Wells and Melton,
1999; Zacchetti et al., 2007).
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vaginating crypts which deﬁne the crypt-villus axis, and is main-
tained by intestinal stem cells in two distinct populations at or near
the base of each crypt (Barker et al., 2007; Sangiorgi and Capecchi,
2008). These stem cells give rise to rapidly proliferating transit-
amplifying cells which subsequently exit mitosis and differentiate
into the mature cells of the intestinal epithelium. These are grouped
into either absorptive cells (enterocytes) or the secretory cells
(Goblet, enteroendocrine and Paneth cells) (Wells and Melton, 1999).
The intestinal mucosa is the most rapidly renewing epithelium in
the body. Turnover occurs every 5–7 days in the mouse, with the ex-
ception of the Paneth cells which reside in the base of the crypt for
approximately 21 days (Wells and Melton, 1999). This rapid turnover
necessitates tight coordination of proliferation and differentiation of
precursor populations, which is regulated by a transcription network
that includes Wnt and Notch pathways, among others (Crosnier et al.,
2006; de Lau et al., 2007; Fre et al., 2005).
In the canonical pathway, Notch receptors bind Delta-Serrate-Lag-
2 (DSL) ligands, which include the Delta-like (Dll) homologues in
mammals. Ligand binding to the Notch receptor initiates two proteo-
lytic cleavages leading to the release and nuclear translocation of the
Notch intracellular domain (NICD). NICD then participates in the
transcriptional regulation of target genes via association with CSL
transcription factors (D'Souza et al., 2008; Fortini, 2009). In the intes-
tine, both the maintenance of the intestinal stem cell niche and differ-
entiation of the transit-amplifying (TA) cell population are dependent
on Notch signaling (Pellegrinet et al., 2011; Wells and Melton, 1999).
In particular, Notch activation of Hes1 favors enterocyte differentia-
tion, while high Math1 activity results in differentiation into the
secretory lineages. Consistent with this, loss of Math1 results in a de-
pletion of secretory lineages without affecting enterocytes (Yang
et al., 2001), while loss of Hes1 results in an increase in secretory
lineages at the expense of enterocytes (Jensen et al., 2000). Cross-
talk between these two transcription factors is also evidenced by
the ﬁnding that Hes1 represses Math1 expression (Jensen et al.,
2000; Zheng et al., 2000). Involvement of Notch signaling in intestinal
differentiation is further underscored by the outcome of Pofut1 or
RBP-J mutation, gamma secretase inhibition or through simultaneous
loss of either Notch1 and Notch2 or Dll1 and Dll4, all of which bias TA
cell differentiation into Goblet cells (Guilmeau et al., 2008; Pellegrinet
et al., 2011; Riccio et al., 2008c; van Es et al., 2005).
Cdx genes encode homeodomain transcription factors related to
Drosophila caudal. The three Cdx murine homologues, Cdx1, Cdx2
and Cdx4, exhibit overlapping patterns of expression in the posterior
embryo and play overlapping roles in vertebral patterning, axial elon-
gation, and neural tube closure (Beck, 2004; Beck et al., 1995; Lohnes,
2003; Savory et al., 2009b, 2011a; van den Akker et al., 2002; van Nes
et al., 2006). Cdx2 also plays key roles in patterning of the deﬁnitive
endoderm and, together with Cdx1, is essential for maintenance of
the intestinal epithelium in the adult (Beck et al., 1999; Gao et al.,
2009; Grainger et al., 2010; Verzi et al., 2010, 2011).
Loss of Cdx2, or both Cdx1 and Cdx2, results in an increase in Goblet
cells in the small intestine as well as defects in somitogenesis (Crissey
et al., 2011; Savory et al., 2009a, 2011a; Verzi et al., 2011). Consistent
with a role for Notch signaling in these processes, we found that expres-
sion of Dll1 was compromised in both the intestinal epithelium and in
the tail bud of Cdx mutant embryos, with concomitant impact on
downstream differentiation effectors in the intestine. Non-allelic non-
complementation studies revealed a genetic interaction between Cdx
and Dll1mutant alleles in both paraxial mesoderm and in the intestinal
epithelium. Finally, we identiﬁed two potential Cdx response elements
in the Dll1 promoter, and found that Cdx proteins occupy this region
in vivo. These ﬁndings are consistent with Dll1 operating downstream
of Cdx members, possibly through a direct regulatory interaction. This
study illustrates that Cdx function canmanifest, in part, through a com-
mon molecular pathway in distinct lineages.Materials and methods
Mice
Cdx1−/−, Cdx2f/f, Dll1f/f, actin-Cre ERT and villin-Cre ERT mice have
been previously described (Brooker et al., 2006; el Marjou et al., 2004;
Santagati et al., 2005; Savory et al., 2009a; Subramanian et al., 1995).
Cdx2 deletion was effected by Tamoxifen (Tam) administration at
E13.5 in villin-Cre ERT (Grainger et al., 2010) or at E5.5 in actin-Cre
ERT (Savory et al., 2009a) backgrounds. Embryos were subsequently
harvested at E6.5-E9.5 for investigation of somitogenesis, while gas-
trointestinal tracts were harvested at E18.5. Non-transgenic litter-
mates were used as controls in both instances.
Histological analysis
E18.5 intestinal tracts were sectioned and processed for histologi-
cal staining as previously described (Grainger et al., 2010). Slides
were mounted using Permount (Fisher) and images captured using
a Zeiss Mirax Midi Scanner (Zeiss). Goblet cells were quantiﬁed as
PAS-positive cells relative to the total number of nuclei captured
from 5 random ﬁelds from each sample. Data was accrued from a
minimum of 3 independent samples.
In situ hybridization
In situ hybridization (ISH) of gastrointestinal sections was carried
out as previously described (Grainger et al., 2010) using probes for
Hes1 and Dll1 (Schroder and Gossler, 2002). The probe for Math1,
corresponding to the ﬁrst 500 bp of the transcript, was derived by
RT-PCR. Whole mount ISH was performed as previously described,
with probes for Mox1, Uncx4.1 and Paraxis (Houle et al., 2000; Savory
et al., 2011a). Embryos were photographed using a Leica MZ16FA
microscope.
Quantitative polymerase chain reaction (qPCR) and semi-quantitative
reverse-transcriptase PCR (RT-PCR)
RNA was extracted from embryonic (E)18.5 small intestine using
Trizol reagent (Invitrogen) and used to generate cDNA by standard
procedures. cDNA was subsequently ampliﬁed by semi-quantitative
RT-PCR or qPCR using oligonucleotides speciﬁc for Dll1,Math1, TFF3,
IFABP or β-actin with SsoFast EvaGreen Supermix (qPCR, BioRad) or
GoTaq (RT-PCR, Promega), according to the manufacturer's recom-
mendations. qPCR was performed using the MX3005P (Agilent
Technologies) and results were analyzed using the 2-ΔΔCt method
(Schefe et al., 2006), normalized to β-actin. For speciﬁcity, the dissocia-
tion curve was considered for each amplicon. RT-PCR was performed
over a series of cycles and sampleswithin the linear range used for anal-
ysis. Data in both cases is reﬂective of at least 3 different biological sam-
ple sets (speciﬁc PCR conditions and primer sequences available in
supplementary information).
Chromatin immunoprecipitation (ChIP)
ChIP was performed as previously described (Pilon et al., 2006)
using chromatin generated from wild-type E8.5 embryos or E18.5 in-
testinal tracts. PCR was directed over regions encompassing potential
CDREs, or distal (control) intervals by standard methods. Oligonucle-
otide sequences used for ampliﬁcation are available in supplementary
information.
Electrophoretic mobility shift assay (EMSA)
EMSA was carried out as previously described (Houle et al., 2000;
Pilon et al., 2006). GST or GST-Cdx2 fusion proteins were used
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ing either candidate Cdx response elements or mutated sequences
thereof. Oligonucleotides corresponding to a Cdx response element
from the Hoxb8 locus (Charité et al., 1998), or a DR5 retinoic acid
response element served as positive and negative controls, respec-
tively. Antibody supershift was carried out using 1 μg ofαCdx2 (Savory
et al., 2009b). Oligonucleotide sequences are available in the supple-
mentary information.
Results
Loss of Cdx impacts goblet cell differentiation
Cdx2 has been proposed to play a role in differentiation of the intes-
tinal epithelium and maintenance of intestinal character (Alkhoury
et al., 2005; Boyd et al., 2010; Chan et al., 2009; Crissey et al., 2011;
Flores et al., 2008; Gao et al., 2009; Grainger et al., 2010; Mutoh et al.,
2005, 2006). To further investigate this relationship, we circumvented
the early lethality associated with loss of Cdx2 by effecting intestine-
speciﬁc inactivation of a ﬂoxed Cdx2 allele (Savory et al., 2009a). This
was achieved using a Tamoxifen-inducible Cre driven by the villin pro-
moter (el Marjou et al., 2004) as previously described (Grainger et al.,
2010). To assess the contribution of Cdx1 to intestinal differentiation,
we bred the Cdx1−/− mouse line (Subramanian et al., 1995) into the
Cdx2f/f villin Cre-ERT background and deleted Cdx2 as above.
To investigate the impact of loss of Cdx function on intestinal differ-
entiation, we assessed Goblet cell number using differential staining
with Periodic-Acid Schiff (PAS) or Alcian Blue (Culling et al., 1975).
Wild-type fetal intestinal epithelium displayed robust PAS staining of
Goblet cells throughout the intestinal tract with a similar pattern for
Alcian blue (Fig. 1 and data not shown). Cdx2mutant intestine exhibited
ectopic PAS staining along the apical edge of the epithelium, which,
together with other data, is suggestive of transformation to a pyloric
stomach as previously described (Grainger et al., 2010). In addition,
these mutants exhibited normal Goblet cells (Fig. 1A, white arrows)B 
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Fig. 1. Loss of Cdx2 affects Goblet cell lineage in the small intestine. (A) Periodic Acid Schiff
mates. Note the normal (white arrows) and smaller-sized (black arrows) Goblet cells. Scale
Cdx1−/− and Cdx1−/−Cdx2−/− E18.5 small intestinal tracts. Error bars represent s.d. from t
each genotype. * pb0.05 by Student's t-test.and a distinct population of smaller Goblet cells (Fig. 1A, black arrows)
which stained robustly with PAS, but less so with Alcian blue (data not
shown). Quantiﬁcation of Goblet cells in the small intestine of Cdx2 sin-
glemutants showed an approximate four-fold increase compared to lit-
termate controls (Fig. 1B). There was no difference in the number of
Goblet cells in Cdx1-Cdx2 double mutants compared to Cdx2 single mu-
tants (Fig. 1B), suggesting that Cdx2, but not Cdx1, suppresses Goblet
cell differentiation.
Loss of Cdx2 affects lineage decision events in the small intestine
Differentiation of the intestinal epithelium proceeds through an
early cell-fate decision event toward either the secretory or absorp-
tive lineage (van der Flier and Clevers, 2009). Semi-quantitative RT-
PCR and qPCR was performed to investigate the effect of Cdx loss on
the expression of genes indicative of this bifurcation. Disruption of
Cdx2 alone or in combination with Cdx1 resulted in a strong reduction
in expression of the enterocyte marker IFABP (Agellon et al., 2002)
(Fig. 2B, C) and a concomitant increase in expression of the Goblet
cell markers TFF3, Gﬁ1 and Klf4 (Katz et al., 2002; Podolsky et al.,
1993; Shroyer et al., 2005) (Fig. 2B, C and data not shown), indicative
of an increase in the number of Goblet cells at the expense of
enterocytes.
The secretory versus absorptive cell fate decision is largely con-
trolled by the Notch signaling cascade through the downstream tar-
get Hes1, together with the bHLH transcription factor Math1
(Fig. 2A) (Yang et al., 2001). In this model, Notch-dependent induc-
tion of Hes1 favors differentiation toward an absorptive fate (Jensen
et al., 2000). Conversely, Math1, which is repressed by Hes1 (Jensen
et al., 2000; Zheng et al., 2000), biases cells toward a secretory fate
(Yang et al., 2001). In Cdx2mutants,Math1 expression in the small in-
testine was upregulated as assessed by both qPCR (Fig. 2B, C) and in
situ hybridization (Fig. 3C). The ﬁnding that Cdx mutants exhibited a
reduction in Hes1 levels (Fig. 3A) suggested a basis for the observed
increase in Math1. Subsequent analyses revealed that loss of Cdx2Cdx2-/- 
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(PAS) staining of E18.5 small intestine from wild-type (WT) (i) and Cdx2−/− (ii) litter-
bars represent 50 μm. (B) Quantiﬁcation of the number of Goblet cells in WT, Cdx2−/−,
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Fig. 2. Loss of Cdx2 impacts on players in intestinal differentiation. (A) Schematic representation of intestinal epithelial differentiation. (B) Semi-quantitative reverse-transcriptase
polymerase chain reaction (RT-PCR) for WT and Cdx2−/− small intestines from littermates at E18.5. (C) Quantitative PCR data from control, Cdx2−/− and Cdx1−/−Cdx2−/− E18.5
intestines. Error bars represent s.d. from the mean expression levels of 3 independent samples. * pb0.05 by Student's t-test.
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of Dll1 (Figs. 2B, C and 3B). Expression of the Notch ligands Jag1/2 and
Dll3/4, as well as the Notch1 and Notch4 receptors, were unaffected by
the loss of Cdx2 (data not shown). These ﬁndings suggested that Cdx2
impacts on Goblet cell differentiation through regulation of Dll1
expression.
Cdx1-Cdx2 mutants exhibit aberrant somitogenesis
Prior work has shown that Cdx function is required for normal
somitogenesis (Savory et al., 2009a, 2011a). In Cdx1-Cdx2 double mu-
tants, somites appear irregularly shaped with indistinct boundaries.
In situ hybridization analysis of Cdx1-Cdx2 mutants using probes
against Mox1, Uncx4.1 and Paraxis suggested that somites were spec-
iﬁed and condensed, but that segmentation and rostral–caudal polar-
ization were defective (Fig. 4 and our previously published data)
(Savory et al., 2011a).
Dll1mutants exhibit somite defects similar to the Cdxmutants de-
scribed above (Hrabe de Angelis et al., 1997). As Dll1 expression is
affected by ablation of Cdx2 in the intestine, and expression of Dll1,
Cdx1 and Cdx2 are largely concordant in the caudal embryo during
relevant stages of somitogenesis (Beck et al., 1995; Bettenhausen et
al., 1995; Meyer and Gruss, 1993), we examined Cdxmutant embryos
for Dll1 expression. As described previously (Bettenhausen et al.,
1995), Dll1 transcripts were detected in wild-type embryos around
the mid-streak stage, at approximately E7.5, in the mesoderm and
primitive streak region. Subsequent expression became conﬁned to
the tail bud and posterior mesoderm, with an anterior boundary
just rostral to the node. Dll1 was also detected in the caudal halvesof condensed somites and was subsequently extinguished in the tail
bud by E15.5 (data not shown). In Cdx1-Cdx2 mutants, Dll1 expres-
sion was indistinguishable from controls at E7.5 (Fig. 5). However,
at E8.5, a reduction in Dll1 transcripts, was observed in Cdx1-Cdx2
mutants relative to controls (Fig. 6). These results suggest that Cdx1
and Cdx2 are essential for the maintenance of Dll1 transcription in
the paraxial mesoderm, consistent with the previously demonstrated
functional overlap between these family members in the caudal em-
bryo (Savory et al., 2009b, 2011a; van den Akker et al., 2002).
The Dll1 promoter is occupied by Cdx members
The loss of Dll1 expression in both the intestinal epithelium and
the presomitic mesoderm of Cdx mutants, together with phenotypes
consistent with perturbed Notch signaling, suggest that Dll1 may be
a direct Cdx target. Transcriptional Element Search System (TESS)
analysis identiﬁed two potential Cdx response elements (CDREs),
one at −3964 (relative to the transcriptional start site), composed
of the canonical sequence TTTATG, and a more proximal element at
−3404, which was the complement of this sequence (Fig. 7A). Elec-
trophoretic mobility shift assay (EMSA) demonstrated that Cdx2
could associate with either of these motifs in a manner comparable
to the bona ﬁde CDRE from the Hoxb8 locus (Charité et al., 1998).
This binding occurred in a speciﬁc manner as assessed by both super-
shift and competition analyses (Fig. 7B).
Since Cdx2 was able to bind the putative CDREs in vitro, we next
sought to determine if Cdx members localized to the Dll1 locus in
vivo using chromatin immunoprecipitation (ChIP). ChIP analysis
using Cdx1 or Cdx2 antibodies (Savory et al., 2009b) revealed that
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Fig. 3. Loss of Cdx2 affects the Notch pathway. In situ hybridization of E18.5 intestines for Hes1 (A), Dll1 (B) and Math1 (C) in sense controls (i), WT (ii) and Cdx2−/− (iii). Note the
loss of expression in Cdx2 mutant intestine (iii) at E18.5 in A and B and increase in expression in C. Scale bar represents 50 μm.
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tive CDREs using chromatin from either E8.5 embryos (Fig. 7C) or in-
testinal tracts from E18.5 fetuses (Fig. 7D). Cdx1 and Cdx2 were not
enriched in regions encompassing a TTTATG sequence in the β-actin
promoter (data not shown) or to regions approximately 10 kb up-
stream of the Dll1 transcriptional start site (Fig. 7B, C), suggesting
that the interaction seen in the Dll1 promoter region is speciﬁc.
Cdx1-Cdx2 and Dll1 mutant alleles interact genetically
To assess if Cdx and Dll1 operate in a common genetic pathway in
vivo, we used a non-allelic non-complementation approach. This was
accomplished through the generation of Cdx1-Cdx2-Dll1 triple hetero-
zygotes by crossing the Dll1f/f allele (Brooker et al., 2006) into the
Cdx1−/−Cdx2f/f actin Cre-ERT or Cdx1−/−Cdx2f/f villin Cre-ERT back-
grounds. Tamoxifen-mediated inactivation of the Cdx2 and Dll1 ﬂoxed
alleles was elicited at either E5.5 or E13.5.
To determine if interaction between Cdx and Dll1 mutant alleles
impacted on intestinal differentiation, Goblet cell differentiation in
compound mutants was assessed by PAS and Alcian Blue staining in
E18.5 intestinal tracts. Compared to wild-type and Cdx1+/−Cdx2+/−
controls, Cdx1+/−Cdx2+/−Dll1+/− compound heterozygotes exhib-
ited an increased number of Goblet cells (Fig. 8). Notably, a number
of smaller Goblet cells were observed which stained less robustly
with Alcian Blue (data not shown); an identical outcome was seen
with loss of Cdx2 (Fig. 1). Cdx1+/−Cdx2+/− intestines also had a mod-
est increase in PAS staining compared to wild-type littermates
(Fig. 8).
To investigate the interplay between Cdx and Dll1 mutant alleles
in somitogenesis, embryos were collected at E9.5 and in situ hybrid-
ization was performed. As previously described (Savory et al.,2011a), Cdx1+/−Cdx2+/− embryos had no apparent somite defects
and exhibited wild-type Mox1 and Paraxis staining (data not
shown). Cdx1+/− littermate controls were also normal with regards
toMox1 and Paraxis expression (Fig. 9, data not shown). Paraxial me-
soderm was speciﬁed in Cdx1+/−Cdx2+/−Dll1+/− heterozygotes as
assessed by Paraxis and Mox1 expression. However, somite borders
were indistinct and somite polarity also appeared to be impacted as evi-
denced by reduced expression ofMox1 expression in condensed somites
(Fig. 9, data not shown); a similar somitic phenotype is also seen in Dll1
null mutants (Hrabe de Angelis et al., 1997). Taken together, these re-
sults are consistent with Cdx and Dll1 operating in a common pathway
during both somitogenesis and intestinal epithelial differentiation.
Discussion
Although Cdx members are known to play important roles in pat-
terning of both the endoderm and mesoderm (Gao et al., 2009; Grain-
ger et al., 2010; Savory et al., 2009a; Young et al., 2009), the targets
mediating these outcomes are largely unknown. Moreover, the peri-
implantation lethality inherent to Cdx2 null mutants (Chawengsakso-
phak et al., 1997) and the functional overlap between Cdx members
(Savory et al., 2009b; van den Akker et al., 2002; Young et al., 2009)
has hampered our understanding of the roles of these transcription
factors during development. To circumvent these limitations, we gen-
erated a conditional Cdx2mutant allele (Savory et al., 2009a) and de-
rived Cdx1-Cdx2 double mutants (Savory et al., 2011a) using ligand-
activated Cre transgenes under the spatial control of either the actin
or villin promoter to effect excision of Cdx2 ubiquitously or in the in-
testinal epithelium, respectively. The impact of loss of function of
Cdx2 or both Cdx1 and Cdx2 during somitogenesis or intestinal differ-
entiation, together with promoter and genetic analyses, suggests that
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Fig. 4. Loss of Cdx1 and Cdx2 results in abnormal somitogenesis. (A–D) Whole mount in situ hybridization of E8.5 (A and B) and E9.5 (C and D) Cdx1−/−Cdx2−/− embryos (A and C)
and littermate controls (B and D) stained with either Paraxis (A and B) orMox1 (C and D). (C′ to D″) Magniﬁed lateral (C′ and D') and dorsal (C″ and D″) views of the embryos shown
in C and D. Note the abnormal somite segmentation in the Cdx1−/−Cdx2−/− embryo.
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evidence for a role for Cdx in affecting the Notch signaling pathway,
and that it does so in two distinct lineages.
Cdx in intestinal differentiation
Cdx2 plays a critical role in early intestinal patterning (Gao et al.,
2009; Grainger et al., 2010). Studies in tissue culture models also sug-
gest that Cdx2 plays important roles in terminal differentiation of the
intestinal epithelium (Benoit et al., 2010; Suh and Traber, 1996; Suh
et al., 1994), while more recent studies have supported a role for
Cdx2 in differentiation of Goblet cells (Crissey et al., 2011; Verzi et
al., 2011), however, the molecular bases underlying this function
are unknown.
Priorwork illustrated that loss of Cdx2 at E13.5 results in a partial an-
terior transformation of the intestinal epithelium to a pyloric stomach
phenotype (Grainger et al., 2010). Further analysis revealed an increase
in the number of Goblet cells in the small intestine, as assessed by PAS
staining, with less robust staining using Alcian Blue. This observation
may be related to Goblet cell maturation, as Alcian Blue staining is asso-
ciated with more mature acidic sialated mucins, while PAS staining isnot speciﬁc to mature mucins (Ghaleb et al., 2011; Katz et al., 2002;
Specian and Oliver, 1991). This ﬁnding is consistent with other studies
describing an increase in Goblet cells following loss of Cdx2 in the
mature intestine (Crissey et al., 2011; Verzi et al., 2011), suggesting
that this relationship is maintained in the adult.
A number of pathways governing intestinal differentiation have been
described (Jensen et al., 2000; Riccio et al., 2008a,b,c; Shroyer et al., 2005;
Yang et al., 2001). RT-PCR analysis revealed that Cdx2disruption resulted
in a reduction of expression of genes indicative of enterocyte character
with a concomitant increase in Goblet cell markers, as evidenced by a
reduction in IFABP and a gain in Math1 and TFF3 levels, respectively.
The Notch signaling pathway is central to intestinal differentiation, and
we found that the Notch ligand Dll1 was downregulated in both Cdx2
and Cdx1-Cdx2mutant intestine, consistentwith Cdx2 regulating intesti-
nal differentiation through the Notch ligand Dll1. Of note, there was
some residual Dll1 expression after loss of Cdx2, which is likely related
to regulation of Dll1 by Cdx-independent mechanisms. This would ap-
pear to be speciﬁc, as other ligands (Jag1 or Jag2 and Dll3 and Dll4) and
the receptor Notch1were unchanged.Notch2 and Notch3were modestly
upregulated (data not shown), consistent with the previously described
feedback regulation between Notch and Delta (Sprinzak et al., 2010).
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Fig. 5. Loss of Cdx does not affect initiation of Dll1 expression. Whole mount in situ hybridization for Dll1 in E6.5-E7.5 Cdx1−/−Cdx2−/− (iv, v, vi) and littermate controls (i, ii, iii).
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cell differentiation compared to loss of Cdx2 alone, consistent with
the apparent lack of Cdx1 function in the small intestine, at least at
this stage (Bonhomme et al., 2008; Grainger et al., 2010). However,
Cdx1+/−Cdx2+/− intestinal tracts exhibited an increase in the number
of Goblet cells comparable to that seen in Cdx2−/− offspring. Since
Cdx1−/− mice are wild-type in this respect, this ﬁnding may becontrol
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Fig. 6. Loss of Cdx1-Cdx2 affects Dll1 expression. Whole mount in situ hybridization for Dll1
somites are shown in A' and B'.related to cross- and auto-regulation of Cdx2 (Beland et al., 2004;
Bonhomme et al., 2008; Chawengsaksophak et al., 2004; Crissey et
al., 2008; Prinos et al., 2001; Savory et al., 2011b; Xu et al., 1999),
rather than reﬂective of a role for Cdx1 in this process. In contrast, re-
cent work suggests that Cdx1 and Cdx2 functionally overlap in the
adult intestinal epithelium (Verzi et al., 2010, 2011), suggesting that
Cdx1 does play a role in adult intestinal homeostasis.Cdx1-/-Cdx2-/- 
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Fig. 7. Cdx proteins bind to theDll1 promoter in vitro and in vivo. (A) Schematic representation of the two CDREs found in the 5 kb region upstream of theDll1 transcriptional start site.
(B) Electrophoretic mobility shift assay (EMSA) demonstrates that both of the CDREs can be bound in vitro by Cdx2. (C) Chromatin immunoprecipitation (ChIP) from a pool of wild-
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intestinal tracts demonstrates that Cdx1 and Cdx2 are bound to the Dll1 promoter, but do not bind to an upstream control in vivo in the intestinal tract. PIS= pre-immune serum.
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Cdx1-Cdx2 double mutants, but neither single mutant, exhibit ir-
regular and fused somites (Savory et al., 2011a). Although Cdx mem-
bers are known to play fundamental roles in vertebral AP patterning
and axial elongation through regulation of Hox and non-Hox targets
(Davidson et al., 2003; Savory et al., 2009a; van Nes et al., 2006;
Young et al., 2009), these associations fail to explain this phenotype.
Notch signaling plays a prominent role in somitogenesis (Bessho et
al., 2001; Conlon et al., 1995; Dequeant et al., 2006; Hrabe de Angelis
et al., 1997; Jouve et al., 2000). Dll1, which is co-expressed with Cdx
members in the caudal embryo, was markedly reduced in Cdx1-Cdx2
mutants at E8.5 suggesting that Cdx functions upstream of Dll1.
Despite concordant expression of Cdx1 and Cdx2 with Dll1 at earlier
stages, Dll1 expression was indistinguishable between mutants andcontrols at E7.5 (Fig. 5). This suggests that Cdx may be involved in
the maintenance rather than the initiation of Dll1 activity.
Dll1 null mutants, like Cdx1-Cdx2mutants, exhibit aberrant somites
with premature cessation of somitogenesis and compromised cranio-
caudal somite polarity (Hrabe de Angelis et al., 1997). This latter pheno-
type was also observed in Cdx1+/−Cdx2+/−Dll1+/− embryos, lending
further evidence that Cdx and Dll1 operate in a common genetic path-
way impacting somitogenesis. Also consistent with this is the ﬁnding
that Cdx1+/−Cdx2+/−Dll1+/− offspring have modestly truncated tails,
a ﬁnding which is expected based on the Dll1 and Cdx1-Cdx2 mutant
phenotypes (Hrabe de Angelis et al., 1997; Savory et al., 2009a, 2011a).
Furthermore, patterning defects in Cdx1-Cdx2mutant embryos are evi-
dent from the disruption of Mox1 expression domains. This phenotype
overlaps with Dll1 mutants (Hrabe de Angelis et al., 1997), suggesting
a role for Cdx members in rostral-caudal patterning of somites.
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The loss of Dll1 expression in the fetal intestine and the caudal
embryo, together with the overlapping phenotype between Dll1 and
Cdx null mutants, suggests that Cdx lies upstream of Dll1. Indeed,
analysis of 5′ proximal sequences revealed two candidate Cdx binding
sites. Additionally, ChIP analyses indicated that Cdx1 and Cdx2 occupied
the Dll1 promoter in vivo in the region of the two putative CDREs, while
EMSA revealed that thesemotifs were capable of direct interactionwith
Cdx members. Together with the non-allelic non-complementation
data, these ﬁndings are consistent with direct regulation of Dll1 by Cdx.
Cdx members have been known to impart positional information
during anterior–posterior patterning through regulation of Hox
genes (Charité et al., 1998; Chawengsaksophak et al., 2004; Davidson
et al., 2003; Deschamps et al., 1999; Lohnes, 2003). More recent evi-
dence has suggested that Cdx members also function through non-
Hox targets during both axis elongation and intestinal patterning
(Gao et al., 2009; Savory et al., 2009a; Young et al., 2009). Further-
more, microarray and ChIP-seq studies have suggested that Cdx2
may regulate a plethora of other target genes, including Dll1 (Boyd
et al., 2010; Uesaka et al., 2004). Our present ﬁnding of Dll1 as a
Cdx regulated gene extends this paradigm. In addition, the data here-
in offers a mechanistic basis for several of the effects of Cdx loss-of-
function in endoderm and mesoderm as well as novel evidence that
some Cdx function can be mediated through the same target gene
in two different lineages.
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